This paper describes a new, generalized and efficient steadystate model for the performance analysis of isolated six-phase induction generators. The mathematical model is formed directly from the equivalent circuit of six-phase induction generator by nodal admittance method. The proposed model is very simple which completely avoids lengthy derivations of non linear equations. The model results in matrix form so that inclusion or elimination of any equivalent circuit elements can be easily achieved. Also, this model is flexible to find any combination of unknown quantities of the equivalent circuit. The matrix equation is solved by genetic algorithm to determine the steady-state performance of isolated six-phase induction generator (ISPIG). To validate the improvement of performance by six-phase operation, the experimental and theoretical results were compared with three-phase operation. In addition, the winding diagram of the six-phase / threephase induction generator which is used as a prototype model for the experimental study is also presented.
INTRODUCTION
There has been a huge increase in energy demand during the last few decades, which has accelerated the depletion of the world fossil fuel supplies. Thus, the use of renewable energy sources becomes essential and therefore, the study of selfexcited induction generator (SEIG) has regained importance as it is particularly suitable [1] [2] [3] for wind and small hydro power plants. Due to the power rating increase of drives and high reliability requirements, research on multi-phase machines has followed a path of spectacular increase recently, and new techniques for the control of the multi-phase machines have been successfully developed [4] [5] [6] . The generator schemes presented in [7] [8] [9] were based on dual stator and asymmetrical six-phase induction generator. In all the cases, the output is not true six-phase. In this paper, modeling and analysis of six-phase induction generator (SPIG) with symmetrical phase displacement of 60 ○ electrical between the six stator windings [10] is presented.
In this paper, a novel and simplified mathematical model of SPIG in matrix form is developed using nodal admittance method. In this model, the nodal admittance matrix can be formed directly from the equivalent circuit of SPIG by nodal admittance method based on inspection. The advantage of the proposed model is that any equivalent circuit elements can be easily included or eliminated.
For the laboratory set up, the necessary stator terminals of the induction generator (IG) were taken outside so that the same machine can be utilized as six-phase as well as three-phase generator. To validate the improvement of performance by six-phase over three-phase operation, the experimental and theoretical results were compared. The values obtained by the quantitative analysis coincided with the experimental results, which validates the proposed model and solution technique. The winding diagram of the six-phase/three-phase induction generator which is used as a prototype model for the experimental study is also presented.
PROPOSED MODEL
The formulation of a suitable mathematical model is the first step in the analysis of a six-phase induction generator (SPIG). Therefore, a mathematical model of a SPIG using nodal admittance method is proposed.
The per phase equivalent circuit of the SPIG with two nodes is shown in Fig. 1 . Since the six stator windings are displaced symmetrically by 60 ○ electrical, it is possible to use the per phase equivalent circuit for six-phase induction generator. The equivalent circuit is valid for any per unit speed ʋ. The various elements of equivalent circuit are given below.
Z r = R r / (F -υ) +j X r ; Z M = j X M ;
The branch admittances are:
The matrix equation based on nodal admittance method for the equivalent circuit can be expressed as 
GENETIC ALGORITHM BASED PERFORMANCE EVALUATION OF SPIG
Application of genetic algorithm [12] to obtain det[Y] = 0, which provides solution for unknown quantities, is illustrated in Fig. 2 . The objective function whose value is to be minimized is given by Eq. (4).
In many optimization problems to obtain initial estimates suitably, certain trials may be required. However, in the present problem of the ISPIG, it is easy to give the range for the unknown variables F and X M or X sh because in welldesigned self-excited induction generators, it is known that the slip {(F − υ)/F} is small and operation of the machine is only in the saturated region of the magnetization characteristics. So, the ranges for F can be given as 0.8 to 0.999 times the value of υ and for X M as 25% to 100% of critical magnetizing reactance X MO . Similarly for X sh , the same range 25% to 100% of C MAX can be used, where C MAX is the maximum capacitance required under any conditions. Thus, starting from such initial estimates, the final value of F and X M or X sh is obtained through GA.
The air gap voltage V g / F can be determined from the magnetization characteristics corresponding to X M , as described in Section 4. Once the air gap voltage is calculated, the equivalent circuit (Fig.1) can be completely solved to determine the steady-state performance of ISPIG.
EXPERIMENTAL SET UP AND MACHINE PARAMETERS
To test the validity of the proposed method of analysis, and to investigate the performance characteristics of SPIG, a laboratory squirrel cage induction machine was utilized as a basis. The test machine consists of two three-phase stator winding sets namely winding set ABC (stator-1) and winding set XYZ (stator-2). The necessary stator terminals of both winding sets were taken outside such that it can be utilized as six-phase as well as three-phase induction generators by suitable end connections (Appendix). The schematic diagram of SPIG with capacitor bank, six-phase to three-phase transformer [13] and load is shown in Fig. 3 .
The ratings of the test machine whose photograph is shown in 
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generator are given by Eq. (5) and (6) and for three-phase induction generator are given by Eq. (7) and (8) 
RESULTS AND DISCUSSION
The following steady-state performances of ISPIG and comparative analysis are discussed. 
Steady-state performance analysis of ISPIG under pure resistive load
The steady-state analysis with magnetizing reactance (X M ) and frequency (F) as unknowns for obtaining performance characteristics of the machine for fixed value of shunt capacitance and varying load is presented. To consider pure resistive load, the inductive load reactance (X L ) is made zero in the Z L element of the equivalent circuit.
The ISPIG is excited with shunt capacitance of 62µF (corresponding to rated terminal voltage at no load) and the steady-state performance of ISPIG under varying resistive load is analyzed. The analytical and experimental variation of terminal voltage, load voltage and frequency with output power are shown in Fig. 5a . From this, it is observed that the load voltage and frequency decrease with increase in output power. The full load variation of load voltage is about 14.8% and frequency is 1%.
The experimental and computed variation of stator current and load current with output power are given in Fig. 5b and it is observed that stator current and load current are increasing with increase in output power but they are within the rated values. The variation of percentage efficiency with output power is shown in Fig. 5c . It is observed that the maximum efficiency is 73% at full load.
Steady-state performance analysis of ISPIG under resistive-inductive load
The ISPIG is excited with shunt capacitance of 62 µF and the steady-state performance of ISPIG under varying resistiveinductive (R-L) load at a lagging power factor of 0.8 is analyzed. Fig. 6a shows the load characteristics of the ISPIG, indicating the variation of terminal voltage, load voltage and frequency with output power for fixed value of shunt capacitance at rated speed of 1.0 p.u. The full load variation The analytical and experimental variation of stator current and load current are shown in Fig. 6b . It can be noted the currents are within the rated value. Fig. 6c shows the variation of percentage efficiency with output power and in this case, the maximum efficiency is found to be 77%.
5.3
Comparative steady-state performance of ISPIG over isolated three-phase induction generator under pure resistive and resistive-inductive load
The comparative steady-state performance characteristics of isolated six-phase induction generator over isolated threephase induction generator under pure resistive and resistiveinductive load are shown in Fig. 7a -7c . It is observed that the voltage regulation, power handling capacity and efficiency of isolated six-phase induction generator are far better than isolated three-phase induction generator.
CONCLUSION
In this paper, a novel and generalized mathematical model based on nodal admittance method for the steady-state analysis of ISPIG is presented. The proposed method is simple and completely avoids the long, tedious analytical derivation of several equations. Also, proposed matrix equations can be easily modified to include or eliminate any equivalent circuit elements of ISPIG. Good agreement between the computed and experimental results is obtained which in general, verifies the accuracy of the proposed model and solution technique. The steady-state characteristics of ISPIG and isolated three-phase induction generator were observed and their performances were compared for different loading conditions. From the theoretical and experimental analysis, it is found that a promising improvement of the performance can be achieved in the case of six-phase induction generator when compared to three-phase induction generator. 
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